Oral intake of protein leads to tolerance through the induction of regulatory T cells (Tr cells) in mesenteric lymph nodes (MLNs
INTRODUCTION
In the intestine, a tight regulation avoids mounting harmful immune responses to dietary antigens and commensal flora, whereas an efficient inflammatory immune response defends the host against pathogens. One of the crucial steps that underlie the development of mucosal tolerance to harmless antigens and bacterial flora is the induction of adaptive regulatory T cells (Tr cells). 1 -9 Mucosally induced Tr cells are distinct from thymus-derived naturally occurring Tr cells as they differentiate from naive T cells in the gut-draining mesenteric lymph nodes (MLNs) and Peyer ' s Patches (PP). 9 Once formed, mucosally induced Tr cells specifically suppress inflammatory responses to the antigen that was used for tolerization and can transfer tolerance to naive recipients. 7 -9 Unfortunately, the mechanism that leads to adaptive Tr-cell differentiation in the mucosa-draining LN is largely unclear.
Unique mucosal mediators have been identified that play an essential role in Tr-cell differentiation. One such mediator is transforming growth factor (TGF)-, which is abundantly expressed in the mucosal environment, and can by itself lead to the conversion of CD25 − Foxp3 − cells into CD25 + Foxp3 + Tr cells. 10 An additional important mucosal factor is retinoic acid for which recently a synergism with TGF-in Tr cells differentiation was shown. Intestinal dendritic cells (DC) drive enhanced TGF--dependent Tr-cell differentiation in vitro when compared with splenic DCs, and this exclusive capacity of intestinal DCs relies on their ability to convert vitamin A to retinoic acid. 11 -14 The fact that retinoic acid from intestinal DC is also involved in the imprinting of gut tropism on the differentiating Tr cells, enabling them to home to the intestine, underscores the importance of this factor. 14 -17 It is currently unknown how exactly retinoic acid and TGF-induce mucosal Tr cells.
Another regulatory mediator that is intrinsic to the mucosal environment is cyclooxygenase-2 (COX-2), an enzyme that synthesizes prostaglandins from arachidonic acid. In the intestine, COX-2 is constitutively expressed by stromal cells and myeloid Cyclooxygenase-2 in mucosal DC mediates induction of regulatory T cells in the intestine through suppression of IL-4 ARTICLES cells, which is in contrast to other peripheral sites where it is induced upon inflammation. 18 Evidence for a regulatory role for COX-2 in intestinal immune responses was provided when treatment of mice with the COX-2 inhibitor NS-398 led to loss of tolerance to dietary antigen. 19, 20 In addition, although mice deficient in COX-2 do not show any spontaneous inflammation in the intestine, they have increased susceptibility to chemically induced colonic enteropathy. This is associated with the inability to produce the arachidonic acid metabolite prostaglandin E 2 (PGE 2 ). 21 Although these findings identify a role for COX-2 in mucosal tolerance it is unclear whether the enzyme regulates particular adaptive T-cell immune responses. Moreover, the specific immunological events leading to inflammation in the absence of functional COX-2 are unidentified. Therefore, in this study, we determined whether COX-2 is directly involved in adaptive Tr-cell differentiation in the intestine. Moreover, as it has been reported that interleukin (IL)-4 can mediate enteropathy 22 and plays an important role in several models of colitis, 23, 24 we aimed to identify whether IL-4 is involved in the inflammatory immune response that occurs in the absence of functional COX-2.
Here we show that the inhibition of COX-2 during protein feed caused loss of tolerance induction, which was associated with an enhanced T-cell-derived IL-4 production and defective Tr-cell differentiation in the MLN. Crucially, treatment of mice with anti-IL-4 antibodies before COX-2 inhibition and protein feed restored oral tolerance. As, predominantly, DC in the MLN expressed COX-2, the role of the enzyme in mucosal T-cell differentiation was further investigated in vitro . COX-2 expression in MLN-DC stimulated the TGF--and retinoic acid-dependent conversion of naive T cells into Foxp3 + Tr cells. Reciprocally, the inhibition of COX-2 in MLN-DC increased GATA-3 expression and IL-4 secretion by the differentiating T cells. The differentiation of the IL-4-producing cells in the absence of functional COX-2 was directly related to loss of mucosal tolerance as exogenous IL-4 blocked MLN-DC-driven differentiation of Foxp3 + mucosal Tr cells. These data establish that COX-2 in MLN-DC is required to control the GATA-3 / IL-4 axis, allowing the differentiation of mucosal Tr cells and subsequent tolerance.
RESULTS

The COX-2-dependent arachidonic acid metabolism is essential for oral tolerance induction
As the role for COX-2 in mucosal tolerance has not been shown for the classical model of oral tolerance induction in normal BALB / c mice, mice were treated with NS-398, a competitive inhibitor of COX-2, with a 1000-fold higher affinity for COX-2 than COX-1. During the first 48 h after oral ovalbumin (OVA) ingestion, mice were treated with the inhibitor every 8 h as described earlier by Newberry et al., 18 whereas control mice received vehicle or saline. To assess the effects of COX-2 inhibition on oral tolerance induction, the mice were subjected to a delayed type hypersensitivity (DTH) response consisting of sensitization with OVA in the tail base and a subsequent challenge with OVA in the ears. Treatment with NS-398 during oral OVA administration reduced oral tolerance induction as evidenced by a pronounced increase in ear thickness compared with saline-treated mice ( Figure 1a ). NS-398 treatment had no effect on the DTH response in control mice. The treatment did not lead to a change in kinetics of tolerance development as at 48 h postchallenge, the DTH of NS-398-treated and OVA-fed mice remained elevated (8.4 ± 0.6 × 10 per mm 2 ) when compared with tolerant controls (4.8 ± 0.5 × 10 per mm 2 ) and was comparable with that of NS-398-treated DTH controls (10.5 ± 1.4 × 10 per mm 2 ). Moreover, COX-2 inhibition during the first 48 h after a single dose of oral OVA ingestion did not result in pathological changes in the small intestine, such as expansion of the numbers of lamina propria lymphocytes, crypt expansion, or villus blunting (data not shown).
COX-2-dependent arachidonic acids inhibit differentiation of IL-4-producing cells
To elucidate whether COX-2 regulates T-cell differentiation in the MLN and PP during tolerance induction, mice were reconstituted with OVA-specific T cells by transfer of OVA-specific T-cell receptor (TCR) transgenic DO11.10 cells. To ensure that OVA feeding to recipients of TCR transgenic cells induces suppression of DTH response and to confirm that COX-2 inhibited this phenomenon, mice reconstituted with DO11.10 cells were treated with NS-398 during OVA feed and subjected to a DTH response. As seen in Figure 1b , oral ovalbumin treatment of recipients of DO11.10 cells induces the suppression of a subsequent DTH response and NS-398 treatment effectively reduced oral tolerance induction. To study T-cell differentiation in the MLN and PP during tolerance induction, BALB / c mice received naive 5,6-carboxy-succinimidyl-fluoresceine ester (CFSE)-labeled DO11.10 CD4 + T cells, were fed OVA, and 48 and 72 h later, division of DO11.10 cells in the MLN and the PP was assessed.
The division profile of OVA-specific T cells in MLN and PP at 48 and 72 h after OVA feed was comparable in vehicle and NS-398-treated mice ( Figure 2a and b and Supplementary  Figure 1a online). Moreover, total numbers of CD4 + KJ1.26 + cells in MLN were comparable between vehicle and NS-398-treated mice (6.6 × 10 5 ± 2.6 × 10 5 KJ1.26 + cells in the MLN of NS-398-treated mice, compared with 6.6 × 10 5 ± 2.4 × 10 5 in vehicle-treated mice), excluding that failure of tolerance induction in NS-398-treated mice was due to abortive T-cell proliferation. Phenotypically, no changes in the expression of CD25, CD45RB, and 4 7 were detected as a result of COX-2 inhibition (data not shown). As COX-2 and NS-398 have been described to directly affect T-cell apoptosis in vitro , 25, 26 annexin-V expression was determined. After COX-2 inhibition, no differences in antigenspecific apoptotic cells could be observed (data not shown).
To assess whether COX-2 controls the cytokine profile of differentiating T cells, dividing DO11.10 cells in the MLN were monitored. Treatment with NS-398 significantly altered the cytokine profile of the differentiating T cells in the MLN. NS-398 enhanced the IL-4 secretion in T cells isolated from MLN at 48 h after OVA feed, as reflected by an increase in the percentage of IL-4-producing dividing OVA-specific T cells ( ( Figure 3b ). Next, it was assessed whether the gain in IL-4-producing T-cell differentiation and concomitant loss of Foxp3 + Tr-cell development resulted in loss of suppressive capacity of the mucosal T cells, explaining the absence of tolerance in COX-2 inhibitor-treated mice. Thereto, the dividing antigen-specific T cells from MLN of tolerized donors were adoptively transferred to naive recipients as described earlier. 8, 9 At 48 h after antigen application, CD4 + cells were isolated from MLN and PP and transferred to naive BALB / c recipients that were sensitized and challenged for DTH to read out whether tolerance had developed. Although CD4 + T cells from vehicle-treated, tolerized donors could transfer tolerance, this suppressive activity was not seen after transfer of CD4 + T cells from MLN and PP of NS-398-treated mice ( Figure 3c ). This difference in tolerogenic capacity was not due to differences in the frequency of OVA-specific KJ1.26 + T cells within the CD4 + fraction between NS-398-treated mice (3.3 % ± 1.2) and vehicle-treated mice (3.9 % ± 1.5).
In conclusion, these data indicate that the inhibition of COX-2 impedes the differentiation of functionally suppressive T cells in the MLN and is associated with enhanced IL-4 production and reduced Tr-cell induction.
Neutralization of IL-4 restores mucosal tolerance in NS-398-treated mice
To establish whether there is a causative relationship between IL-4 production, loss of Tr-cell differentiation, and loss of functional suppression after NS-398 treatment, in vivo experiments were performed. NS-398-induced IL-4 secretion was neutralized before the inhibition of COX-2 and subsequent development of tolerance to OVA was assessed. Treatment of mice with anti-IL-4 antibodies before NS-398 and OVA administration restored oral tolerance when compared with mice treated with NS-398 and isotype control GL113 or saline ( Figure 4 ). It should be noted that treatment with anti-IL-4 antibodies does not affect the DTH response in unfed controls. 27 This implicates that enhanced IL-4 secretion after COX-2 inhibition causes abrogation of oral tolerance. 
COX-2 expression in MLN-DC inhibits GATA-3 and IL-4 differentiation in favor of Tr-cell induction
Further understanding of how COX-2 regulates mucosal T-cell differentiation required the investigation in vitro modeling. Thereto, it was first established whether COX-2 expression occurred in mucosal antigen-presenting cells or whether expression is required in other cell types. At 24 h after oral treatment of mice with Alexa-Fluor 488-labeled OVA, CD11c + OVA-488 + DCs were detected in MLN confirming that MLN-DC had taken up the antigen ( Figure 5a ). Comparison of quantitative expression of COX-2 in purified CD11c + MHCII + DC with expression in T cells, B cells, and CD45-negative cells from MLN revealed that the enzyme is primarily expressed in MLN-DC ( Figure 5b ). Moreover, COX-2 was expressed at relatively higher levels in MLN-DC compared with spleen-DC or peripheral LN-DC ( Figure 5b ) In particular, CD11b-positive myeloid DC from MLN constitutively expressed COX-2 mRNA, whereas this expression was very low in CD8 + lymphoid and GR1 + plasmacytoid DC ( Figure 5c ). The expression was not restricted to CD103 + MLN-DC (COX-2 mRNA expression relative to cyclophillin in flow sorted cells: CD103 − DC = 0.18 vs. CD103 + DC = 0.07). 11, 13 To assess whether MLN-DC-derived COX-2 played a role in Tr-cell vs. IL-4-producing T-cell differentiation, an in vitro mucosal Tr-cell differentiation assay was used. MLN-DCs were pretreated with TGF-and retinoic acid, loaded with OVA, and co-cultured with naive DO11.10 × RAG − / − T cells in the presence of retinoic acid and TGF-, which induces the differentiation of Foxp3 + Tr cells in vitro . In agreement with other studies, 13 stimulation of OVA-loaded MLN-DC with retinoic acid and TGF-dramatically enhanced de novo expression of Foxp3 mRNA and protein expression in differentiating OVAspecific T cells ( Figure 5d ). To establish that COX-2 expression in MLN-DC is involved in the conversion of naive T cells into Tr cells, we assessed whether incubation with NS-398 inhibited Tr-cell differentiation. Indeed, neutralization of COX-2 in the MLN-DC T-cell co-culture consistently inhibited Foxp3 mRNA expression and reduced the frequency of Foxp3 + cells in the differentiating T cells ( Figure 5d ). To assess whether the effect of COX-2 inhibition is the same in non-mucosal DCs expressing low levels of COX-2, bone-marrow-derived DCs, which express at least 2-to 10-fold lower levels of mRNA, were used. As seen in Supplementary Figure 2a -c, the inhibition of COX-2 in coculture of bone-marrow-derived DC with TGF-and retinoic acid reduced the percentage of differentiating Foxp3-positive cells (a), the degree of Foxp3 expression per cell (b), and the Foxp3 mRNA levels (c). Together, these data show that constitutive COX-2 expression in MLN-DC gives rise to arachidonic acid metabolites that enhance Foxp3 induction in differentiating Tr cells.
To identify whether reduced Tr-cell differentiation during COX-2 inhibition is associated with concomitant IL-4-producing T-cell differentiation, we monitored the cytokine profile of the T cells that differentiate in the presence and absence of NS-398 in MLN-DC DO11.10 co-culture. Thereto, MLN-DCs were pretreated with TGF-and retinoic acid, loaded with OVA, and co-cultured with DO11.10 cells in the presence of NS-398 or dimethyl sulfoxide. Differentiating T cells were analyzed for cytokine profile and transcription factor expression of the typical polarized effector cell subsets Th1 (IFN-), Th2 (IL-4), and Th17 (IL-17). Upon inhibition of COX-2, the differentiating T cells expressed increased amounts of IL-4 ( Figure 5e ) but did not alter the expression of IFN-or IL-17 (data not shown). In agreement with the IL-4-producing profile, the differentiating T cells expressed increased amounts of the transcription factor GATA-3 ( Figure 5e ).
As it has been reported that PGE 2 is the most predominant COX-2-dependent arachidonic acid metabolite in the intestine and as PGE 2 can induce de novo Foxp3 expression in CD25 -T cells, 28 we hypothesized that MLN-DC-derived PGE 2 may be one of the COX-2-dependent metabolites that modulates Foxp3 expression and Tr-cell conversion of OVA-specific T cells by MLN-DC. If so, then PGE 2 should be able to mimic COX-2 function in MLN-DC and enhance the differentiation of Foxp3-positive T cells and suppress IL-4-producing T-cell differentiation. TGF--stimulated MLN-DCs were loaded with OVA, incubated with OVA-specific T cells in the presence of PGE 2 or retinoic acid, and quantitative mRNA expression in dividing OVA-specific T cells was determined at 96 h of culture. Although incubation with PGE 2 slightly decreased the kinetics of T-cell division it significantly enhanced differentiation of Foxp3 + Tr cells ( Figure 6a and b ) . Moreover, PGE 2 increased the mRNA expression of Foxp3 ( Figure 6b ) , showing that PGE 2 can elicit de novo induction of Foxp3.
The finding that COX-2-derived prostaglandins could suppress IL-4-producing T-cell differentiation was corroborated by the observation that culture of OVA-loaded MLN-DC with Figure 6c ). This PGE 2 -mediated IL-4 suppression was independent of MLN-DC activity as PGE 2 also inhibited IL-4 release of polyclonally activated DO.11.10 cells ( Figure 6d ).
In conclusion, MLN-DC-derived COX-2-dependent arachidonic acid metabolites suppress GATA-3 expression and IL-4 release in favour of mucosal Tr-cell differentiation.
NS-398-induced GATA-3 and IL-4 abrogate adaptive Tr-cell induction in vitro
To establish whether there is a direct mechanistic link between IL-4 production and loss of mucosal Tr-cell differentiation during NS-398 treatment, we assessed whether exogenous IL-4 could block MLN-DC-induced Tr-cell differentiation in the presence of TGF-and retinoic acid in vitro . Thereto, MLNDCs were loaded with OVA and co-cultured with DO11.10 cells in the presence of TGF-, retinoic acid, and recombinant IL-4. When exogenous recombinant IL-4 was added to the culture, differentiation of Foxp3 + Tr cells was dramatically inhibited ( Figure 7a and b ) . Reciprocally, the addition of neutralizing anti-IL-4 antibodies during COX-2 inhibition with NS-398 partially restored the differentiation of Foxp3-positive Tr cells ( Figure 7c ) .
Likewise, transgenic overexpression of GATA-3 in the DO11.10 cells during T-cell differentiation blocked the conversion of naive T cells into Tr cells ( Supplementary Figure 2d 
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of the mechanisms by which IL-4 inhibits Tr-cell induction. 10 These data establish that the activation of the GATA-3 / IL-4 axis in differentiating T cells blocks the conversion to the TGF--elicited Foxp3 + Tr-cell phenotype.
DISCUSSION
In this study, we show that COX-2 expression in MLN-DC is involved in the induction of Tr cells during oral tolerance. COX-2 acts by downregulating GATA-3 and IL-4 release in differentiating T cells. IL-4 was found to be a crucial factor that inhibits oral tolerance and impedes the conversion of naive T cells into mucosal Tr cells during COX-2 inhibition. Our data shed new light on the earlier findings showing a role of COX-2 in mucosal homeostasis, 19 -21 as they show that COX-2-dependent arachidonic acid metabolites determine the phenotype of the adaptive intestinal immune responses and regulate de novo Tr-cell induction in the mucosal immune system by the suppression of IL-4-producing T cells. It has been shown that orally induced antigen-specific Tr cells can develop in the absence of naturally occurring Tr cells. 29 Conversion of naive T cells into functional mucosal Tr cells occurs in the mucosa-draining lymphoid tissue within 48 -72 h after antigen encounter. 8, 9 In agreement, it was recently established that MLN-DCs and lamina propria DCs induce increased TGF--dependent Foxp3 + Tr-cell differentiation when compared with splenic DCs. 12, 13 One of the factors that control peripheral Tr-cell differentiation at this immune-privileged site is the vitamin A derivative retinoic acid. 13 The current data show that COX-2 expression in MLN-DC contributes to this Tr-cell differentiation. Constitutive expression of COX-2 exclusively occurs in the intestine. Transient inhibition of this single enzyme during soluble protein feed suppressed Tr-cell differentiation in PP and MLN within 48 h. As COX-2 can be expressed by stromal cells in the lamina propria 18 as well as by DC in the MLN, its contribution to Tr-cell differentiation could be direct, by influencing DC -T-cell contact within the MLN, or indirect by " imprinting " lamina propria DCs that migrate to the MLN. This study reveals that MLN-DC-derived COX-2 is directly involved in the commitment of Foxp3 + Tr cells as inhibition of the enzyme in an MLN-DC -T-cell co-culture significantly inhibited the differentiation of TGF--induced Tr cells. One of the functions of COX-2 products is to negatively regulate GATA-3 expression and IL-4 synthesis. We and others have shown earlier that Th2 differentiation is competing with Tr-cell commitment. 30 -33 These novel data show that retinoic acid-and TGF--induced mucosal Tr differentiation is also 
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inhibited by IL-4. In part, this may be mediated by the direct suppression of the FOXP3 promoter by GATA-3. 30 The current in vivo experiments show that COX-2 inhibition drives GATA-3 + -and IL-4-producing T cells in the MLN, which have lost their regulatory capacity. Neutralization of IL-4 production restored tolerance suggesting that IL-4 is a pivotal factor responsible for loss of tolerance in vivo . Thus, it can be hypothesized that there are two processes that may impede the differentiation of functionally suppressive T cells in the MLN during COX-2 inhibition. First, COX-2 inhibition reduces the differentiation of Foxp3-positive cells. However, as this is not a full ablation the total prevention of transfer of tolerance by the MLN cells may additionally be caused by the reciprocal formation of inflammatory, IL-4-secreting, effector T cells. Whether COX-2 activity in stromal cells contributes to the adaptive T-cell response through " imprinting " of lamina propria DC remains to be established. Moreover, it is not expected that T-cell-derived COX-2 plays an important role as COX-2 expression was not observed in any of our experiments irrespective of whether T cells were differentiated in vivo or in vitro . Very recent data confirm that drug-mediated COX-2 inhibition is also effective to decrease T-Bet and IFN-in a model of autoimmune encephalomyelitis, suggesting that COX-2 may regulate Th-cell differentiation depending on the inflammatory environment. 34 The finding that IL-4 inhibits Tr-cell differentiation and causes loss of mucosal tolerance is supported by studies showing the detrimental role of IL-4 in intestinal homeostasis. In particular, it was shown that parasite-induced IL-4 can drive enteropathy, IL-4 causes crypt hyperplasia and recruitment of intraepithelial lymphocytes in murine jejunal graft vs. host reaction, and IL-4 plays an important role in the development of colitis in TCR − / − mice. 22, 23, 35 Moreover, earlier reports have shown that IL-4-deficient mice are not hampered in tolerance induction. 36 At the first instant, the inhibitory effect of IL-4 on mucosal Tr-cell induction seems difficult to reconcile with the fact that mucosally induced Th3 cells generated by myelin basic protein feed are characterized by IL-4 production and can be expanded in vitro with this particular cytokine. 1 However, the stage of differentiation at which the IL-4 is produced may crucially determine how it affects Tr-cell numbers. IL-4 potently inhibits IL-2 production. 37 This is also seen in our in vitro Tr-cell differentiation experiments in which a strong reduction of IL-2 release was observed when OVA-specific T cells were cultured with IL-4 or when GATA-3 tg OVA-specific T cells were used. This IL-2 reduction will most likely have an effect on the initial stages of Tr conversion as it was shown that IL-2 is essential for TGF-to convert naive CD4 + CD25 − T cells to CD25 + Foxp3 + Tr. 38 However, other common -chain cytokines, such as IL-4, IL-7, and IL-15, can sustain maintenance of committed Foxp3 + Tr cells. 38 Thus, it can be envisaged that IL-4 inhibits Tr cells at the stage of acquisition of the Tr-cell phenotype through the inhibition of IL-2 without affecting earlier differentiated Foxp3 + Tr cells. Besides facilitating Tr-cell differentiation through negatively regulating the GATA-3 / IL-4 pathway, COX-2-dependent metabolites may also positively induce Foxp3 expression. Earlier, it has been reported that the COX-2-dependent metabolite PGE 2 is able to induce Foxp3 gene expression in murine and human CD4 + CD25 -T cells. 28, 39 Although the molecular mechanism of this positive gene regulation is unclear we were able to show that PGE 2 can dramatically enhance Foxp3 expression during OVAspecific Tr-cell conversion induced by MLN-DC. Whether PGE 2 is the only main COX-2-dependent metabolite that controls Trcell conversion in MLN in vivo remains to be established. Similar properties may be shared by other prostaglandins metabolites as the activation of the D prostanoid 1 receptor in a murine model for asthma was also associated with protection and induction of Tr cells and PGI 2 has been shown to downregulate DC functions. 40, 41 However, PGE 2 clearly plays a crucial role in both small intestinal as well as colonic homeostasis. Quantitatively, in lamina propria stromal cells, PGE 2 is the most predominant COX-2-dependent arachidonic acid metabolite present, whereas COX-2-dependent production of PGF 2 , 6-keto PGF 1 , TXB 2, and PGD 2 is much lower. 18, 19 Functionally, PGE 2 also seems have dominant regulatory functions as deficiency in EP4, one of the G-coupled PGE 2 receptors, causes increased susceptibility to chemically induced colitis, whereas deficiency in the PGD 
receptor (DP), the PGF receptor (FP), the PGI receptor (IP), or the TX receptor (TP) did not have this effect. 42 Intriguingly, deficiency in the other three subtypes of PGE receptor (EP1, EP2, and EP3) did not have the same effect. 42 The expression of COX-2 in DC in the gut-draining lymphoid tissue is very unique for this microenvironment. Little is known about the factors that regulate the expression of the enzyme. Recently, it has been shown that in the colon, COX-2 expression is dependent on TLR4 triggering by bacterial components. 43 However, as TLR-4-independent COX-2 expression has been observed in lamina propria stromal cells, 18 it is possible that local non-inflammatory mediators may also mediate COX-2 expression. 44, 45 Although CD103 + MLN-DCs were reported to selectively induce Foxp3-and CCR9-expression in differentiating T cells when compared with CD103 − DCs, 11, 16, 17 COX-2 expression was measured in both subsets but in contrast was particularly distinctive in CD11b + DCs.
Our data, generated in mouse models, show a crucial role for COX-2-dependent arachidonic acid metabolites in the induction of adaptive regulatory T cells and maintenance of mucosal tolerance in the intestine. Whether this exact mechanism of regulation also applies to the human situation will require extensive further research. Clearly, many reports support the notion that prostaglandin-mediated regulation also occurs in the human intestine. In the past decades, the administration of inhibitors of COX enzymes, denoted as non-steroidal anti-inflammatory drugs, to patients with chronic inflammatory intestinal disease has become more controversial due to the effects of exacerbation of the disease. 46 -49 Moreover, recently, a major new Crohn ' s disease susceptibility locus was identified close to the gene PTGER4 encoding EP4, 50 further supporting the idea that modulating inflammation through long-term intake of COX-2 inhibitors may interfere with crucial immune regulatory processes and may therefore encompass threats to intestinal homeostasis.
In conclusion, besides unravelling the molecular mechanism of de novo Tr-cell induction in the peripheral mucosal immune system, the finding that COX-2-mediated prostaglandins regulate adaptive T-cell responses through the inhibition of IL-4 will stimulate further research into the function of this enzyme in inhibiting chronic intestinal inflammatory disease.
METHODS
Mice.
Specific pathogen-free BALB / c mice (8 -10 weeks) were purchased from Charles River (Maastricht, The Netherlands). DO11.10 transgenic (Tg) mice and DO11.10tg × RAG − / − mice, which have a Tg TCR specific for the OVA 323 -339 peptide, were bred at our own facility. CD2-GATA-3 Tg and DO11.10 × CD2-GATA-3 mice were generated as described earlier. 51 All mice were kept under routine animal housing conditions and experiments were approved by the animal experimental committee of the VUMC or the Erasmus MC.
Antibodies and antigen.
In all in vivo experiments, intact 98 % pure OVA (either from Sigma Aldrich (Zwijndrecht, The Netherlands) or from Calbiochem (San Diego, CA)) was used. In in vitro experiments, either intact OVA (Calbiochem) or OVA 323 -339 peptide was used. The anticlonotypic mAb for the DO11.10 Tg TCR (KJ1.26) was purified from culture supernatant and biotinylated, according to the manufacturer ' s protocol (Molecular Probes, Leiden, The Netherlands). Anti-CD11c (HL3), anti-CD4 (GK1.5), anti-CD3 (145-2C11), anti-CD25 (PC61), anti-CD45RB (16A), anti-B220 (RA3-6B2), anti-4 7 (DATK32), anti-MHC-II (M5 / 114), anti-CD8 (53-6.7), anti-Gr1 (RB6-8C5), and appropriate isotype control antibodies were purchased from BD Pharmingen (Woerden, The Netherlands). Conjugates that were used for flow cytometry were, streptavidin -CyChrome, streptavidin -PerCP, streptavidin -APC (BD Pharmingen), and anti-rat-PE (Jackson laboratories, West Baltimore, MD).
Adoptive transfer and CFSE labeling. Lymph nodes and spleens were isolated from DO11.10 mice and single-cell suspensions were prepared, enriched for CD4 + T cells as described earlier, 8, 9 and labeled with CFSE (Molecular Probes) to be able to follow their division profiles in vivo . Each mouse received 1.10 7 CD4 + KJ1.26 + cells in 100 l saline by intravenous injection.
Delayed-type hypersensitivity response. Mice were injected intraperitoneally six times at 8-h intervals with 1 mg kg − 1 of the freshly dissolved selective COX-2 inhibitor NS-398 (Alexis, Breda, The Netherlands) in saline as described by Newberry et al. 19 Control groups were injected with saline alone or vehicle consisting of a 1 % dimethyl sulfoxide solution in saline. The first injection of NS-398 was given 5 h before intragastric (i.g.) administration of 25 mg OVA in 200 l saline (Sigma Aldrich). Five days after i.g. OVA administration, mice were sensitized subcutaneously in the tail base with 100 g of OVA in 50 l of a 1:1 IFA:saline solution (Difco, BD. Alphen a / d Rijn, The Netherlands). At day 11, mice were challenged with 10 g OVA in 10 l saline in both ears, after 24-h increases in ear thickness were determined and compared with values before challenge. 7 -9 Transfer to assess regulatory function of T cells. Mice were adoptively transferred with DO11.10 cells and treated with NS-398 or vehicle prior and after tolerization with 70 mg OVA 1 day later. 9 MLN and PP were isolated 48 h after OVA administration, CD4 + cells were enriched, and 5 × 10 5 cells were transferred to naive BALB / c mice. Enriched CD4 + T cells were routinely pure between 80 and 90 % . One day after transfer, the mice were sensitized followed by a DTH challenge in the ears 5 days later.
TGF-b -induced in vitro Tr-cell differentiation. Bone-marrow-derived DCs were generated as described earlier. 52 To obtain DC from MLN, tissue was digested with Liberase Blenzyme 3 (Roche, Woerden, The Netherlands) in the presence of DNAse I (Roche) for 30 -35 min in a 37 ° C incubator. CD11c + cells were isolated using anti-CD11c MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of the isolated CD11c + cell subset was 60 -80 % . DCs were loaded with either 0.5 mg ml − 1 OVA (Calbiochem) for 6 h or with OVA peptide for 2 h. After washing, 2 × 10 4 bone-marrow-derived DCs or MLN-DCs were incubated with 5 × 10 5 CFSE-labeled CD4 + KJ1.26 + × RAG − / − T cells in the presence of 20 ng ml − 1 rhTGF-(Preprotech, Rocky Hill, NJ) for 96 h to induce Foxp3 + T-cell differentiation. Exogenous recombinant IL-4 (300 ng ml − 1 ; R & D systems, Abingdon, UK), anti-IL-4 (10 g ml − 1 ; purified from 11B11 hybridoma), isotype control (10 g ml − 1 ; purified from GL113 hybridoma), NS-398 (75 M ), dimethyl sulfoxide (0.09 % ) or DO11.10xCD2-GATA-3 cells were used in the culture. In some experiments, DCs were stimulated with 10 n M retinoic acid (Sigma) during OVA loading and as well as during the 96 h culture. To study the role of PGE 2 in Tr conversion, CD4 + KJ1.26 + × RAG − / − T cells were stimulated with 16,16-dimethyl prostaglandin E 2 (26 M ) (Cayman Chemical, Ann Arbor, MI) 2 h before the start of the culture as well as during the 96 h culture. After culture, the cells were analyzed for Foxp3 expression (Clone FJK-16S; e-Bioscience, San Diego, CA), intracellular cytokine production, and CFSE content by flow cytometry. In some experiments, CD4 + T cells were isolated from the culture by eliminating DC with a mix of rat antibodies to B220 (clone 6B2), F4 / 80, CD11b (MAC-1), MAC-2, MHCII (M5 / 114), CD8 (53.6.72), and anti-rat magnetic beads (Dynal, Oslo, Norway).
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Flow cytometry. At 48 and 72 h after i.g. OVA administration, MLN, PP, and spleen were isolated and single-cell suspensions were stained for CD4, CD25, CD45RB, or 4 7 and KJ1.26 to determine phenotype and cell division by flow cytometry (FACS Calibur; BD Biosciences, Franklin Lakes, NJ). Cell division was determined based on fluorescence intensity of single CFSE peaks. For further analysis, at least 20,000 KJ1.26 + cells were counted. For the analysis of OVA-containing DCs, mice were fed with 5 mg per mouse of OVA-Alexa-488. At 48 h after OVA-Alexa-488 feed, MLNs were isolated and single-cell suspensions were stained for CD4, CD19, CD40, CD86, CD8 , CD11b, MHC-II, and CD11c.
For obtaining purified populations of T cells, B cells, CD45 − cells, DCs, and DC subsets, cells were isolated from LN as described above. Purified T cells, B cells, DCs, and CD45 − cells were obtained in a single step by flow cytometric cell sorting on expression of CD3, B220, CD11c, MHCII, and CD45. DC subsets were purified by negative enrichment of LN cells for DC using a mouse DC enrichment kit (Dynal) and subsequent flow-cytometric cell sorting on expression of CD11b, CD45, CD8 , and Gr-1.
Cytokine secretion. The percentage of cytokine-secreting cells, and the amount of cytokine secreted during a 16-h re-stimulation period, was assessed by isolating MLN and PP at 24, 48, and 72 h after i.g. OVA administration. Cells were incubated at 5 × 10 6 cells per ml with either 0.5 mg ml − 1 OVA, 100 ng ml − 1 OVA peptide, or medium as a control. Cytokine concentrations in supernatants were determined by BD cytometric bead array according to then manufacturer ' s instructions (BD Pharmingen). Antigen-specific cytokine-secreting cells were determined using the cytokine-specific capture assays for IL-4 and IFN-according to the instructions of the manufacturer (Miltenyi Biotech). 
Statistics
Statistically significant differences for ear-thickness measurements were determined using a one-way analysis of variance followed by a TurkeyKramer multiple comparisons test to assess differences between individual groups. P < 0.05 was considered significant. All experiments were performed at least three times unless otherwise indicated.
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